Group III-V semiconductors are important in the production of a variety of optoelectronic devices. At present, these semiconductors are synthesized by high vacuum techniques. Here we report on the electrochemical deposition of GaN which seems to form in quite a thin layer from NH 4 Cl and GaCl 3 in an ionic liquid.
Gallium nitride (GaN) is a semiconducting material which is intensively studied for its use as thin films in optoelectronics (LEDs, laser diodes), 1,2 electronics (high-power and high frequency devices), 3, 4 as well as sensors. 5, 6 Most technological applications rely on wafer based growth processes which are typically performed in well-defined environments, such as ultra-high vacuum for molecular beam epitaxy in inert atmosphere, or by metal-organic chemical vapour deposition reactors. [7] [8] [9] The low-temperature and low-cost synthesis of gallium nitride nanostructures would be important to make widespread applications and devices. A post-synthesis nitridation of Ga based materials at elevated temperatures in NH 3 atmosphere is one of the possible ways to produce GaN. 10 Another approach includes N 2 or NH 3 -H 2 plasma processes, which have been applied to develop III-V semiconductor materials.
11 N x + ion bombardment has also been used to synthesise GaN. 12 There are only a few theoretical and experimental studies on the electrochemical deposition of GaN. [13] [14] [15] [16] In these studies GaN thin films were deposited on SnO 2 -coated glass substrates, 13 Si substrates [14] [15] [16] and indium tin oxide (ITO) coated glass substrates 16 from the mixture of gallium nitrate and ammonium nitrate in deionized water at 20 1C by passing a high voltage between two electrodes. However, there seem to be no follow-up papers.
In this letter, we report on the possible electrochemical synthesis of GaN from the 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide ([Py 1, 4 ]Tf 2 N) ionic liquid containing NH 4 Cl and GaCl 3 . It was found that NH 4 Cl and GaCl 3 form a complex with the ionic liquid that can be reduced electrochemically at room temperature to form the semiconductor compound, at least in thin layers. room temperature. In the case of [Py 1, 4 ]Tf 2 N saturated with NH 4 Cl (Fig. 1b) Fig. 1a ).
Upon addition of 0.2 M GaCl 3 in [Py 1, 4 ]Tf 2 N, two main reduction processes (C 2 , C 3 ) appear (Fig. 1c) . A broad process between À1.2 V and À1.6 V (C 2 ) could be attributed to the formation of Cu-Ga alloy, while C 3 corresponds to the three electron reduction process to Ga metal. A similar CV was obtained on Au(111) as shown previously by Gasparotto et al. 18 In the anodic regime, an increase in current at À1.0 V is attributed to the oxidation of the electrodeposit. As copper was used as a working electrode, dissolution of Cu can occur at electrode potentials more positive than À0.5 V vs. Pt, leading to the increase in the current. Therefore, all the CV scans were stopped at open circuit potential (OCP) in the anodic regime prior to any copper bulk oxidation. The electrochemical behaviour changes significantly if NH 4 Cl is added to the GaCl 3 -containing ionic liquid (Fig. 1d) . A series of reduction processes (C 1 -C 3 , C 5 ) are obtained prior to the irreversible reduction of the organic cation. Similar to the GaCl 3 -containing [Py 1, 4 ]Tf 2 N, the first two processes (C 1 and C 2 ) are correlated with the formation of a Cu-Ga alloy and bulk Ga deposition, respectively. We should mention that the dissolution of NH 4 À complex to form Ga and GaN as in this potential regime the formation of a thick layer is clearly seen. C 5 is presumably attributed to the breakdown of the organic anion. In the anodic scan, a rise in the current is seen above À0.8 V due to the oxidation of the electrodeposited product. Fig. 2a ) the Raman spectra overlap almost perfectly. This is not surprising as it was observed that NH 4 Cl does not dissolve more than 0.05 M in the employed ionic liquid. The main peaks between 0 and 500 cm À1 are from the Tf 2 N À anion consistent with literature data. 19 If 0.2 M GaCl 3 is added to the IL (red line, Fig. 2a ) a peak at 365 cm À1 and a shoulder at 140 cm À1 appear besides the IL peaks. These are assigned to the GaCl 3 symmetric stretching. 20 On addition of NH 4 Cl to the GaCl 3 -containing IL (blue line, Fig. 2 ), a decrease in intensities of the 365 and 140 cm À1 peaks are observed. Besides, an additional peak at 152 cm
À1
, and a peak shift and growth at 342.5 cm À1 are obtained.
The decrease in intensity of the 365 cm À1 peak, the increase in the intensity of the 342. was not observed, possibly due to the influence of the [Py 1, 4 ] ion. The complete Raman and infrared spectra are shown in Fig. S1 and S2, ESI. † However, a prominent NH 4 + peak (Fig. 2b) could be observed in the infrared spectra at 3237 cm À1 , 22 thus substantiating the formation of the NH 4 + GaCl 4 À type complex in the ionic liquid. In order to deposit GaN, a constant potential electrodeposition was performed on copper. Fig. 3a and b compares the microstructure of Ga and of GaN in the presence of NH 4 Cl made at À2.1 V and À2.5 V, respectively.
Both gallium (Fig. 3a) and GaN made in the presence of NH 4 Cl (Fig. 3b) show a spherical morphology with particle sizes ranging between 50 nm and 1 mm, consistent with previously published results. 18 Furthermore, the particle density in Fig. 3b is lower compared to that in Fig. 3a . During the electrodeposition of Ga in the presence of NH 4 Cl, the current-time plot shows a lot of ''noise'' indicating the evolution of gaseous species (Fig. S3 , ESI †), whereas a smooth curve is observed when electrodepositing Ga alone. Fig. 4 represents the XRD patterns of the electrodeposits in comparison with GaN powder purchased from Sigma Aldrich. The XRD pattern of the electrodeposited gallium (blue line, Fig. 4) shows the formation of a copper-gallium alloy (CuGa 2 , ICDD 25-275). In comparison, the electrodeposited Ga in the presence of NH 4 Cl shows extra peaks at 36.411 and 48.211 (red line, Fig. 4 ). These two peaks correspond to the formation of GaN (101) and GaN (102). Also, an overall increase in the baseline of the XRD pattern between 321 and 401 is observed which could be due to the partial amorphous nature of deposited GaN. Such broad peak in amorphous GaN was reported recently. 23 We also compared the XRD pattern with commercially available GaN (99.99% purity) from Sigma-Aldrich (green line, Fig. 4 ). Four peaks between 301 and 501 are observed. Two peaks of the electrodeposited GaN, namely GaN (101) and GaN (102), are consistent with the GaN obtained from SigmaAldrich. However, we find that the main intensity peak of GaN (101) is shifted by 0.41 in the electrodeposited GaN. This might be due to either strain within the GaN or due to doping in the GaN. 24, 25 As in the case of the electrodeposited GaN, the formation of CuGa 2 alloy took place, therefore there are possibilities that both strain and doping has affected the GaN electrodeposit. In summary, we have shown that GaN forms if Ga is electrodeposited from GaCl 3 in the presence of NH 4 Cl from an ionic liquid at room temperature. Raman and IR spectroscopy reveal that an ammonium chloride-gallium chloride type complex (NH 4 + GaCl 4 À ) is formed when both NH 4 Cl and GaCl 3 are present in [Py 1, 4 ]Tf 2 N. Cyclic voltammetry and constant potential deposition showed that this species could be reduced to obtain GaN. The morphology of the GaN was found to be spherical. From XRD, we could show the formation of GaN in the electrodeposit.
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